The 2011 Great East Japan Earthquake caused massive ground damage, including liquefaction of sandy grounds, collapse of river levees and lands developed for housing, etc., particularly in regions across eastern Japan. Not only damage to "currently unqualified" structures that did not conform to existing design standards and codes but also ground damage that could not be explained within the framework of conventional geomechanics and geotechnical engineering was observed. Particularly in the latter case, therefore, it has become necessary to develop new techniques in geomechanics without being restrained by the conventional framework. From the above standpoint, this paper reviews the research that has been carried out in the field of geotechnology after the Great East Japan Earthquake. More specifically, new knowledge relating to the mechanism of liquefaction damage at Urayasu City and other ground deformation caused by the earthquake is introduced, together with the results of research carried out on ground strengthening techniques.
INTRODUCTION
The 2011 Great East Japan Earthquake inflicted catastrophic damage on Japan, particularly over a wide region in east Japan. Although five years have passed since then, rehabilitation work is still ongoing. Massive damage to grounds and earth structures was evident after the earthquake. This included ground settlement due to wide area crustal movement, settlement of clay strata, settlement due to liquefaction, liquefaction within river levees, liquefaction of tailings, erosion by tsunami, and other geo-environmental issues. There have been many reports made on these phenomena and associated issues (e.g., The Special Issue of Soils and Foundations 1) , Kazama et al. 2) ).
Among such damage phenomena, there were many that were dealt with as being damage suffered by "currently unqualified" earth structures that did not conform to existing design standards and codes. However, there were many other phenomena that require development of geomechanics with new scientific principles without being constrained by the conventional framework while at the same time respecting the research results from traditional "soil dynamics" but not limiting research simply to its extensions. This is almost certainly because current design standards and codes, many of which are based on experience, are able to evaluate effectively those phenomena that occur within the limits of pre-assumed conditions, but will generally be of no help in the case of phenomena that occur outside such assumed conditions.
From the above viewpoint, this paper reviews the research that was carried out after the Great East Japan Earthquake and that added new perspectives to the fields of geomechanics and geotechnology. By necessity, this review is limited to papers that have been published in scientific journals or the proceedings of international conferences. It is centered on research dealing with the four topics mentioned below and their peripheries, including the work carried out by the authors.
(a) Research related to the occurrence of liquefaction in the Tokyo Bay area: New knowledge that has been gained about how liquefaction is affected by factors such as the mechanical characteristics of surface layer soil fills and deeper clayey soil strata, reclamation history/strata configuration, tremor duration, surface waves, input seismic waveforms, and aftershocks is introduced.
(b) Research related to ground deformation that occurs immediately after an earthquake: Examples of research on delayed settlement that occurs in clayey ground after an earthquake are described in addition to examples of research on instantaneous settlement that occurs immediately after an earthquake. Mention is also made about the effect of the content of plastic/non-plastic fines on the settlement that occurs after liquefaction in sandy ground.
(c) Research related to deformation of earth structures: Research on the deformation/collapse behavior of reclaimed residential land and river levees due to earthquakes is introduced, and new knowledge particularly about the behavior of levees having saturation areas induced by settlement due to construction of the levees is described.
(d) Research related to various ground improvement/ground strengthening methods and the mechanism of seismic resistance: Examples of research on new analytical methods for evaluating anti-liquefaction measures by improvement of shallow strata in residential lands, anti-liquefaction measures by dissipation of excess pore water pressure, and seismic strengthening of river levees by sheet piling are introduced.
STUDIES ON THE OCCURRENCE OF LIQUEFACTION IN THE COASTAL AREAS OF TOKYO BAY (1) Main features of the liquefaction damage
The Great East Japan Earthquake caused widespread liquefaction in Urayasu City and in other reclaimed land in the Tokyo Bay area. The following are some of the main features of the liquefaction: (a) Although the tremors continued for a long period, the seismic intensity was only about 5 on the JMA scale and about 8 on the MMI scale, and the maximum acceleration recorded at monitoring locations where no sand boiling occurred was less than 200 gal. (b) Sand boil sampling indicated that liquefaction had occurred in soils with fines contents of 20% to 60%, although it had been considered until then that liquefaction was unlikely to occur in grounds containing such fine fractions. (c) Although liquefaction was concentrated in areas that had been reclaimed relatively recently, the level of liquefaction damage was spatially nonuniform, and there were large differences in the amount of damage. (d) Re-liquefaction resulted from the aftershock that occurred 30 minutes after the main earthquake, causing extended damage.
In response to this liquefaction damage, The Ministry of Land, Infrastructure, Transport and Tourism set up a technical committee to study measures against liquefaction and investigated the accuracy of the FL method, which is a representative method of judging liquefaction potential 3) (see Table  1 ). The potential is assessed by using the dynamic shear strength ratio and the seismic shear stress ratio acting on the stratum of alluvial sandy soil to diluvial or gravelly soil basically based on drilling data (depth distribution of soil, groundwater level, N-value, average particle diameter, etc.) and earthquake type. (See e.g., Yoshida et al. 4) ) This investigation resulted in the validity of the FL method being confirmed based on the fact that no liquefaction had occurred at any of the 24 locations judged as being those where there would be no liquefaction occurrence. On the other hand, of the 88 locations that were judged to be ones where liquefaction would occur, as many as 35 had exhibited no liquefaction. This fact demonstrates that this method of prediction cannot be considered to have high accuracy and indicates the need for development of better methods for judging liquefaction as well as further investigation of the mechanism of its occurrence. Two examples that explain the mechanism of liquefaction occurrence in reclaimed lands at Urayasu City through seismic response analysis are described in the next section.
(2) Reasons for liquefaction occurrence at
Urayasu City -effect of aftershocks The results of detailed surveys of the reclaimed grounds at Urayasu City are described elsewhere 5) . As shown in Fig. 1 , the reclaimed ground extends toward the seaside from Motomachi and Nakamachi to Shinmachi. Extensive liquefaction occurred in those areas that were reclaimed in and after 1965.
Fukutake and Jang 6) measured the amount of settlement at Urayasu, Shin-Kiba, and Tatsumi a few days after earthquake occurrence and produced maps of the distribution of the settlement. The results showed that the amount of settlement varied greatly from spot to spot, even within the same area. The causes of this variation were attributed to the differences in the soil properties and in the thicknesses of the surface fill layers and to whether ground improvement (in addition to improvement by SCP, preloading + sand drain for improving consolidation) had been carried out or not. In addition, according to finite element analysis using the bowl model 7) as the constitutive model, it was shown that the accelerations were not high, but because the number of cycles was large, the rise in excess pore water pressure was sluggish and increased slowly after the main seismic motion had passed, ultimately resulting in liquefaction (Fig. 2) .
In the analysis, the largest aftershock (after 29 minutes from the mainshock) was considered continuously after the mainshock assuming that excess pore water pressure did not dissipate immediately after the mainshock. The aftershock that followed caused severe liquefaction and was responsible for 40% of the total settlement.
(3) Reasons for liquefaction occurrence at
Urayasu City -effect of surface waves Using the bore drilling logs 5) of Urayasu City as reference, Nakai et al. 8) targeted for analysis the geological cross section (Fig. 3) along the line X-Y in Fig. 1 in order to investigate the effect of the geological strata on the liquefaction of the surface fill layer and sand layer. One-and two-dimensional analyses were carried out using the soil-water coupled finite deformation analysis code GEOASIA 9) mounted with the elasto-plastic constitutive equation (SYS Cam-clay model 10) ). Starting from the deep end, the ground was divided into four layers: the diluvial layer, alluvial clay layer, alluvial sand layer, and surface fill layer. Because data obtained through boring surveys carried out at Motomachi and Shinmachi locations S1 and S2 in Fig. 1 were different from the state and materials obtained in soil tests of each layer, the alluvial clay layer was further divided into three sublayers (Kaneda et al.
11)
). In addition, attention was paid particularly to the fact that the diluvium sloped down from the landside towards the seaside, resulting in the thickness of the alluvial clay layer to increase from about 10 m to about 40 m. With respect to the input seismic wave, since the K-NET observation data at Urayasu were those measured not at the deeper layer but at the ground surface, the seismic wave that was observed 13.7 km away from K-NET Urayasu at the Shinagawa observation point of the Tokyo Bureau of Port and Harbor at a depth of about G.L. -36 m (N value higher than 50) was input as a 2E wave after giving due consideration to factors such as the distance from Urayasu, availability of bore drilling logs, etc. The use of the 2E wave was validated because the calculated accerelation at the surface was almost in agreement with the K-NET observation data at Urayasu, which did not exhibit liquefaction.
The one-dimensional analysis indicated that although the long-period components of the seismic wave were amplified with increasing thickness of the clay stratum and led to strong tremors at the ground surface, as shown in Fig. 4 , no liquefaction occurred in the reclaimed fill layer. On the other hand, the two-dimensional plane strain analysis, which took account of the stratum structure, showed that liquefaction occurred in the reclaimed fill layer above the sloped part of the diluvial stratum at locations Z and Y. In addition, shear strains became nonuniformly distributed over large areas with the passage of time, and areas where large shear strains occur spread across the surface layer. Because of this surface wave, delayed seismic motion continued at locations Z and Y, as shown in Fig. 5 , even after the main motion had subsided. It was pointed out that this was due to the effect of interference (edge effect) between the body wave and the surface wave (Rayleigh wave) generated from the edge of the sloped bedrock, as illustrated in Fig. 6 . That is, the interference of the waves produced localized and extensive liquefaction damage in the fill layer. This calculation result suggests that multidimentional effects due to an irregular stratigraphic and bedrock structure should be taken into consideration for more precise damage predictions that conform with the actual situation.
STUDIES RELATED TO GROUND DEFORMATION THAT OCCURS LONG-LASTING AFTER AN EARTH-QUAKE
(1) Examples of delayed settlement after an earthquake Older examples of long-term settlement occurring in clayey ground after an earthquake include those caused by the Mexico earthquakes (1957 and 1985) and the off-Miyagi Prefecture Earthquake (1978) . A more recent example is the one at Port Island due to the Hyogo -ken Nanbu Earthquake earthquake 6 Surface wave generated at the inclined bedrock end 8) . (1995) 12) . In all these cases, occurrence of ground settlement after the earthquake has been recognized, but the phenomenon and the mechanism of settlement have not been clarified sufficiently well. The settlement caused by the Hyogo-ken Nanbu Earthquake has been studied by Matsuda 12) . The submarine ground of Kobe Port consists of 10m-20m thickness of soft alluvial clay (Ma12), alternate strata of sand and gravel, and 20m-30m thickness of diluvial clay (Ma13) from the surface. Long-term settlement occurred in the soft alluvial clay stratum after the earthquake. Slight settlement of the diluvial clay stratum was also observed. Measurements of the excess pore water pressure in the gravel layer below the alluvial clay layer showed that after becoming large at the time of the earthquake, the pore water pressure rapidly dissipated and that it took three months for the pressure to return to the level before the earthquake.
The possible occurrence of long-term settlement in clayey grounds after an earthquake has been pointed out by Noda et al. 13) through analysis using GEOASIA. They showed that particularly in clay strata with a high degree of structure, if the pore state was bulkier/looser than the normal consolidation line of remolded soil, the structure would be destroyed (lowering of the degree of structure) by an earthquake, and positive excess pore water pressure would be generated, causing long-term settlement of the ground. Here, the "structure" means the greater "bulkiness," which highly structured soil like naturally deposited clay or loose sand occupies, based on the fact that the structured soil can sustain the same amount of load at a higher void ratio than the remolded soil. (As for the details, see Asaoka et al. 10) ) Settlement of clayey grounds has not been surveyed and studied sufficiently well because it has been hidden behind liquefaction of sandy grounds and verification of such damage predictions has been dependent on actual cases of damage.
In the 2007 Niigata Prefecture Chuetsu-oki Earthquake, widespread post-earthquake ground settlement in the alluvial clay stratum was observed at Kashiwazaki City 14) . Figure 7 shows the record of the settlement gauge (located at a depth of 25.4 m) and the ground water levels before and after earthquake. Although the ground water level did not vary after the earthquake, clear-cut settlement occurred. As boring surveys showed the existence of seashells at depths between 14m and 24 m in this alluvial clay ground, it is thought that the deeper part of the ground is a marine clay stratum. In consolidation tests on soil sampled from the site, the compression index ratios of undisturbed samples and reconstituted soil were large, being 2.25 at a depth of 16m to 19 m and 1.4 at a depth of 9m to 12 m. This indicates that the ground had a somewhat developed soil structure. Using the results of the above survey on the state of occurrence of settlement and the soil constants that were determined by tests on undisturbed samples, Isobe and Ohtsuka 14) predicted the amount of future settlement by carrying out elasto-plastic consolidation deformation analysis.
(2) Example of the effects of the Great East Japan Earthquake Yasuhara and Kazama 15) described the long-term Chuetsu-Oki earthquake Fig.7 Ground settlement at the Kashiwazaki Plain and ground water level variation 14) (2007 Chuetsu-oki earthquake).
Fig.8
Long-term settlement of the clay stratum due to earthquake 15) .
Fig.9
Ground settlement in the Urayasu area due to the 2011 Great East Japan Earthquake 16) .
settlement observed in the clay strata in Miyagi (Tohoku region) and Ibaragi (Kanto region) due to the 2011 Great East Japan Earthquake. Figure 8 shows an example of the settlement of a river levee in Ibaragi. Their study pointed out that if the immediate settlement due to liquefaction and that due to crustal movement were excluded, the long-term settlement resulted from dissipation of the excess pore water pressure caused by the earthquake in the clayey layer that possessed a developed structure. From the ground survey at Urayasu City in Chiba Prefecture, Nigorikawa and Asaka 16) confirmed that as illustrated in Fig. 9 , long-term settlement of the alluvial clay stratum takes place after the immediate settlement that occurs at the time of the earthquake due to liquefaction.
Existing studies on the effects of plastic/non-plastic fines on the settlement of sandy soils after liquefaction and on liquefaction strength were reviewed by Kim et al. 17) . They reported that while certain experimental results show that strength increases with increasing content of fines, other results indicate that either strength decreases with increasing fines content or decreases at first and then increases. As for the effects of fines on residual deformation after liquefaction, the same review reported that deformation increases for up to 30% fines but decreases for fine fractions beyond that. Based on the above, Kim et al. 18) investigated five types of soil samples containing non-plastic fines, two of which were natural sands (Urayasu sand and Aratozawa sand); the other three were synthetic sands (silica sand, DL clay, quartz powder). With respect to the density index of sand, the study indicated experimentally that the fines content had the effect of increasing compressibility.
DAMAGE TO EARTH STRUCTURES (1) Land developed for housing
The 2011 Great East Japan Earthquake caused damage to residential lands that had been developed by cutting and filling hilly terrain at several locations in Miyagi and Fukushima Prefectures. Some of the lands in Miyagi Prefecture were those afflicted for the first time, but there were others that were afflicted again after having suffered damage during the 1978 off-Miyagi Prefecture Earthquake. One of the reasons for the damage in the areas that were afflicted for the first time by the earthquake in 2011 was assumed to be the fact that the amplitude was greater and the duration longer compared with the 1978 off-Miyagi Prefecture Earthquake.
Large-scale damage to foundation grounds of such reclaimed residential land occurred at many locations in the open part of the slopes of the so-called "valley fill areas," which were valleys that had been reclaimed by earth filling. Figure 10 shows a case exhibiting this pattern of damage. Damage to the open part of the slope of the valley fill can be observed. In addition, compressive settlement (also referred to as "shaking down settlement"), which is believed to have been caused by the long duration of the tremors, occurred at the filled parts in an extraordinarily large number of locations, where the damage appeared in the form of differential settlement of residences at the cut/fill boundaries of the reclaimed land 19) . A record of the measurements for the largest aftershock (on April 4, 2011) experienced at the fill locations and cut locations in the foundation grounds of reclaimed residential land in Sendai City is available 19) , and Fig. 11 illustrates the observed maximum accelerations and measured seismic intensities. Discrete lots of residential land are shown as partitions within the figure. The red-colored partitions indicate filled lots, and the darker the red is, Fig.10 Example of deformation at open slopes of valley landfills (southern area of Miyagi Prefecture) and cut/fill areas 19) .
Fig.11
Observed maximum acceleration response and measured seismic intensities during the largerst aftershock (on April 4, 2011) at the fill and cut locations in the foundation grounds of reclaimed residential land area in Sendai City 20) .
the thicker the fill is. Similarly, the blue-colored partitions indicate cut lots, and the darker the blue is, the thicker the cut is. From the observed seismic data of the cut areas and fill areas, it can be recognized that even within a narrow area, there was a maximum difference of 0.4 in the seismic intensities and a 1.5-times difference in the maximum accelerations. Evidently, the ground movements that provoked the damage were higher in the fill areas than in the cut areas. Consequently, it can be pointed out that if the level of tremors exceeds the threshold level that produces damage to reclaimed lands, whether damage would occur or not may depend on whether the location is a fill area or a cut area. Such differences in the amplification of seismic tremors in reclaimed residential land has actually been demonstrated by Seo et al. 20) through three-dimensional seismic response analysis.
As shown in Fig. 12 , Wakai et al. 21) surveyed the reclaimed residential lands of Sendai City that were damaged by the 1978 off-Miyagi Prefecture Earthquake and found that all areas that had been damaged by the earlier earthquake were damaged again. However, because of the restoration measures carried out after the 1978 earthquake, the damage due to the 2011 Earthquake was not grave, showing that some beneficial effect has been brought about by the restoration measures.
A comprehensive survey of five of the reclaimed residential areas of Sendai City that suffered extensive damage was carried out by Mori et al. 22) . The survey revealed quantitatively that the housing damage on the previous occasion was mostly open cracks in the ground and differential settlement due to ground deformation and that the damage was greater in areas that had been reclaimed in chronologically older times.
Regarding the damage that occurred to residential land reclaimed from the hilly terrain in Sendai City, Sato et al. 23) reported on the damage rates to fill areas, cut areas, and cut/fill areas and to wooden houses built on such areas. Analysis of these damage rates was carried out while taking into consideration the damage to the entire reclaimed land, characteristics of the earthquake (measured seismic intensity, maximum acceleration PGA at the ground surface, maximum ground surface velocity PGV), ground characteristics (year of reclamation, current ground gradient, original ground gradient, fill thickness), and building characteristics (year of construction). As shown in Fig. 13 , the results indicated that the rates of damage to both land and wooden buildings were highest in fill areas, followed in order by cut/fill boundary areas and cut areas. Furthermore, the damage to both land and wooden structures in the fill and cut/fill areas was more than double that in cut areas, showing that the effect of the stiffness of the ground was significant.
Damage to reclaimed residential land due to the 2011 Earthquake reportedly occurred not only in Miyagi Prefecture and Fukushima Prefecture but also in Iwate Prefecture 24) and Tochigi Prefecture.
(2) River levees and embankment structures Not only river levees built on sandy soil grounds were afflicted by the 2011 Great East Japan Earthquake; those built on clayey grounds were also affected. It has been said that the existence of an enclosed saturated area at the base of a levee results in liquefaction of that area, leading to large deformations being produced over the entire levee. In light of this, Yoshikawa et al. 25) utilized an extended form of the soil-water coupled finite deformation analysis code GEOASIA (extended to accommodate the three-phase soil-water-air coupled system) to simulate the behavior of an unsaturated embankment on clayey ground during its construction, during an earthquake, and after the earthquake. The simulation was carried out with attention being focused on the effect of groundwater level under two-dimensional plane strain condition. Here, only the case when the Fig.12 Residential land development at Sendai City and earthquake damage in the area 21) . Fig.13 Cut, fill and cut/fill boundary areas in Sendai City and the damage rates in housing land and wooden structures 23) .
ground water level is set to coincide with the ground surface initially (high groundwater level) is shown in Fig. 14 . Notice that the range of the saturation degree in Figs. 14(a-1) and 14(b-1) is different from that in Figs. 14(a-2) and 14(b-2). The results indicate that if the groundwater level is high, a saturated area is formed at the base of the embankment due to "penetrative settlement" during construction (Figs. 14(a-1) and 14(a-2)) and that the mean skeleton stress becomes lower than when the groundwater level is low. As a consequence, in the embankment on ground with a high groundwater level, the deformation during the earthquake is greater, and the mean skeleton stress decreases sharply, particularly in the enclosed saturation area. Also, it is noteworthy that the groundwater level rises temporarily after the earthquake and a phreatic line is formed within the levee body after the earthquake as shown in Figs.
14(b-1) and 14(b-2).
Actual observations have shown that a high phreatic line is formed within the embankment after the earthquake. This analysis indicates that after the earthquake, the groundwater level rises because water flows toward the unsaturated embankment from the enclosed saturation area and from the saturated clayey ground and that a phreatic line is formed temporarily within the embankment (Figs.14(b-1) and 14(b-2) ), particularly if the groundwater level is high.
GROUND IMPROVEMENT, GROUND REINFORCEMENT METHODOLO-GIES, AND ASEISMIC MECHANISMS
(1) Surface ground improvement as a countermeasure against liquefaction of residential land A large number of residential houses suffered from liquefaction-induced damage in the 2011 Great East Japan Earthquake. Tani et al. 26) discussed the applicability of surface ground improvement as an economically attractive measure against liquefaction of residential land. Based on existing research studies and a survey of liquefaction of residential land during the above earthquake, they showed that the allowable tilt angle for houses needs to be 10/1,000 or less in the case of moderate earthquakes and 16.7/1,000 or less in the case of large earthquakes. In addition, they confirmed through centrifuge model experiments that surface ground improvement is an effective countermeasure against liquefaction. Furthermore, they utilized GEOASIA, ALID 27) , etc., for numerical analysis in order to investigate the thickness of the solidified surface ground layer that would satisfy the performance requirement criteria for houses to counter liquefaction damage.
(2) Pore water pressure dissipation as a countermeasure against liquefaction of reclaimed grounds Between 2001 and 2005, the pore water dissipation technique utilizing synthetic draining material was applied to one part of the area of Tokyo lumber pier no. 15 as a countermeasure against liquefaction. This area did not suffer liquefaction damage during the subsequent Great East Japan Earthquake 28) . In the pore water dissipation technique, drainage through vertical drains inhibits the rise of water during an earthquake, and this allows the ground surface settlement due to compaction to be tolerated to a certain extent. Therefore, in addition to knowing whether this technique would be effective or not in preventing liquefaction, prediction of the amount of settlement that would occur when liquefaction is inhibited is also an important point. Noda et al. 29) analyzed the principle of this technique by incorporating the Fig.14 Distributions of the degree of saturation after the earthquake, showing the rise in water level 25) . . macro-element method (Yamada et al. 30) ) into GEOASIA. The macro-element method is capable of describing well resistance. GEOASIA allows unified handling of compaction phenomena, liquefaction phenomena, settlement caused by compaction that could occur during an earthquake, and consolidation settlement that could occur after liquefaction. By this method of analysis, it is possible to evaluate with better calculation efficiency the improvement effect of the pore water dissipation method. In addition, the study indicated that the water dissipation technique could also be effective as a countermeasure against liquefaction of reclaimed grounds. This is because it is possible to inhibit pore water pressure rise, which leads not to liquefaction but compaction, in the improved region to which the macro-element method was applied below the embankment and deformation of the ground as illustrated in Fig. 15(b) . The study also showed that efficient design of the water dissipation technique is possible by judiciously combining one-dimensional mesh analysis with multi-dimensional mesh analysis.
(3) Inhibition of deformation in river levees by the method of aseismic sheet piling As explained above, the Great East Japan Earthquake caused heavy damage to river levees built on clayey grounds. Reinforcement by steel pipe sheet piling in order to inhibit lateral flow due to liquefaction is frequently used as a measure to improve the seismic resistance of such river levees. The effect of steel pipe sheet pile reinforcement of river levees built on ground consisting of soft alternately layered sand and clay strata was investigated numerically under two-dimensional plane strain conditions by Noda et al. 31) . Figure 16 illustrates the shear strain distributions (locations with strains exceeding 30% are colored red) 300 seconds after earthquake occurrence. Figure 16(a) shows the case of the sheet pile penetration being shallow and being within the soft clayey layer, while Fig. 16(b) shows the case of the penetration being deep enough to reach the diluvium. It can be seen that the amounts of settlement and stretching of the crown are not very different and are independent of the pile penetration depth. When the penetration is shallow, suppression of lateral flow is not possible, and the slip generated from the clay layer occurs in deep ground near the sheet pile tip and causes the amount of riverbed uplift to increase. On the other hand, the effect suppressing deformation at the front side of the levee is great when the penetration is deep. However, the abovementioned study pointed out that deep pile penetration carries the risk of promoting horizontal displacement and uplift of the levee's rear side, where residences are located.
CONCLUSION
Many of the current design methods, guidelines, etc., are based on experience. Even though they may be capable of evaluating a phenomenon efficiently under limited conditions, such methods and guidelines in general are often helpless in the case of phenomena that lie outside the assumed scope. Recognizing this, this paper reviewed the new knowledge gained and the new analytical methods of geomechanics/engineering that have been developed through studies on the ground disasters caused by the 2011 off the Pacific Coast Tohoku Earthquake. The review, however, is limited to seismic damage only and does not include tsunami damage. The following outlines the main content of the current review:
(a) Regarding the liquefaction damage at Urayasu, it has been shown through one-dimensional analysis that the effect of the largest aftershock on the total amount of settlement was large although the dissipation of excess pore water pressure after the mainshock was not considered in the analysis. Two-dimensional analysis indicated the possibility that liquefaction was aggravated by the interference of the body wave with the surface wave generated from the edge of the sloped bedrock.
(b) Regarding ground deformation after the earthquake, past observations that pointed out the occurrence of long-term settlement in alluvial clay strata have been confirmed. Such long-term settlement has been attributed to the collapse of the soil structure during the earthquake. Also, with respect to the density index of sand, it has been experimentally indicated that the fines content increases compressibility.
(c) Regarding the deformation of residential lands, detailed investigations of the damage to the entire reclaimed land, ground motion characteristics, ground characteristics, and characteristics of the affected buildings have indicated that the date of reclamation had an influence. In addition, the damage rates to both residential land and wooden buildings were highest in fill areas, followed in order by cut/fill boundary areas and cut areas. Furthermore, it has been pointed out that the effect of the stiffness of the ground was significant. (d) With respect to river levees built on clayey ground, it has been pointed out that that if the groundwater level is high, the enclosed saturation area expands, and the deformation of the embankment becomes large. In addition, it has been demonstrated that it is possible that the phreatic line observed to exist within the embankment after the earthquake formed after the earthquake.
(e) Regarding ground improvement measures, a new method of analysis has been developed for evaluating the excess pore water dissipation technique as a countermeasure against liquefaction of reclaimed lands. The new analytical method combines the macro-element method, which enables well resistance to be taken into account, with a method of analysis that is capable of handling liquefaction and compaction of loose sand during an earthquake.
(f) Regarding suppression of deformation of river levees by the aseismic sheet piling method, it has been shown that it would not be possible to inhibit lateral flow if the sheet pile penetration is shallow and lies within the clayey soil stratum.
In light of the 2011 Earthquake, there are indeed many issues other than those described in the above review that require research to progress still further. Some examples of such issues include analysis and study of the relationship between ground deformation and strong ground motion characteristics, analysis and clarification of the relationship between characteristics of deformed grounds (material properties, multilayered or other ground structures, boundary conditions, natural periods, etc.) and strong ground motion characteristics (predominant periods, earthquake durations, directionality, etc.), analysis and study of the effects of cumulative displacement of strong motion (crustal movement) on forced displacement imparted to surface strata, analysis of the effects of continued earthquake occurrence (including foreshocks, the mainshock, and aftershocks) on ground behavior, etc. Other additional issues needing solutions include analysis of the impact of the existing history of ground damage on later ground deformation (including re-liquefaction, etc.), estimation of the seismic wave input to shallow ground strata based on detailed modeling of shallow-layer ground, analysis of scouring of grounds and earth structures by tsunamis after an earthquake, etc.
In order to achieve these goals, the authors look back again at the recent earthquake disaster and offer the following final comments before ending this review.
In Japan, the 2011 Earthquake undermined considerably the confidence in seismology that had developed up to now. One of the reasons for this is that although the occurrence of earthquakes is a certainty, it may have been better in the past if, without ensconcing ourselves within domains for specialists, we had provided to the public straightforward explanations admitting honestly what is known and what is not known about the possibility of predicting/forecasting (the magnitude, location, and timing) earthquakes. However, the reality is that neither we in the fields of geomechanics and engineering nor the researchers and engineers who support these fields can afford to laugh at the field of seismology.
Why is that? The reason is we are still unable to honestly explain to the public what we already know and understand about ground deformations caused by earthquakes and what we still do not know or understand. Regarding the 2011 Earthquake, we have not explained to the public scientifically and in an easy-to-understand manner that the earthquake was a unique one that produced hitherto unseen phenomena that had not been investigated sufficiently. To pick one example, even liquefaction, which caused extensive damage in the Kanto region, is not an exception. Even in textbooks on soil mechanics, liquefaction has been the topic furthest from widely known topics such as consolidation settlement, bearing capacity, etc., and there has been a severe lack of effort among scholars of soil mechanics to foster common awareness about liquefaction. Would it be an exaggeration if it were claimed that "calculations of liquefaction have been made for a long time using programs that were not capable at all of calculating the compaction of loose sand"? To what extent is "the difference between sand and clay" understood with clarity? Is it really true that "sand may liquefy but nothing will happen in the case of clay"?
If we proceed to think as above regarding the issues pertaining to ground deformation caused by earthquakes, we cannot by any means believe that the field of seismology can be laughed at by the fields of geomechanics and engineering. In order to change this situation, it is essential that new theories of geomechanics founded on research on constitutive models that allow handling of static to dynamic loading of all soils from sand and intermediate soil up to clay and capable of predicting future ground behavior at normal times, during earthquakes, and after earthquakes be formulated based on modeling of the characteristics of various soils for what they are.
